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Hg- and Cu-Induced Hepatocellular
Changes in the Mummichog, Fundulus

heteroclitus

by Peddrick Weis,* John D. Bogden,* and

Eugenie C. Enslee ?

To investigate mechanisms by which the mummichog (F. heteroclitus) successfully withstands heavy
metal pollution, fish were treated with Hg®* at up to (.10 mg/L, Cu®* at up to 1.0 mg/L, or combinations
of Hg?* and Cu®".

In earlier work, protein analysis of liver indicated that most of the cytosolic Cu is bound to the sulfhydryl-
rich metallothionein, but that Hg is not associated with cytosolic proteins. Morphometric analysis indicates
the Hg-treatment increases the lipid compartment of hepatocytes (ANOVA, F = 10.73, p < 0.01). This
lipid increase is correlated with the Hg content (analyzed by atomic absorption spectrophotormetry) of
individual liver samples (Spearman rank correlation, r, = 0.621, p < 0.01). Cu treatment causes a reduction
in the lipid compartment (F = 10.38, p < 0.01), reduced cytoplasm in general (F = 18.55, p < 0.001) and
an inereased lysosome count (F = 14.21, p < 4.001). X-Ray microanalysis locates Cu in secondary lyse-
somes, but not in other organelles. Results of treatment with both Hg** and Cu®* are similar to those of
Hg?* alone. Concentrations of Cu in liver varied too much to allow assessment of correlations with
cytoplasmic changes,

Usual mechanisms for handling toxic heavy metals include hinding to metallothionein and sequestering
in lysosomes. Our findings for Cu are in agreement with this. Fish, however, can methylate Hg. (We have
found >75% of killifish hepatic Hg to be methylated.) Increased cellular lipid may be a mechanism for

sequestering the lipid-soluble methylmercury.

Introduction

The killifish, or mummichog, Fundulus heteroclitus,
survives in heavily polluted areas and can tolerate con-
siderable exposure to heavy metals. In the course of ana-
lyzing possible mechanisms that enable the mummichog
to tolerate heavy metals, their livers were analyzed be-
cause this organ is the source of metal-binding proteins
{1). Earlier, the association of copper and mercury with
hepatic metallothionein was studied (2). Less than 10%
of the hepatic copper and none of the mercury were found
to be associated with metallothionein in the cytosol. In
order to gain more understanding of how these metals
are tolerated, a morphological approach was employed.
In this mode of investigation, substantial differences
were noted among liver of Hg®*- and Cu**-treated and
untreated fish. The changes observed may be related to
the species’ ability to tolerate these metals.

*Departments of Anatomy and of Preventive Medicine and Com-
munity Health, UMDNJ-New Jersey Medical School, Newark, NJ
07103.

tDepartment of Biology, William Paterson College, Wayne, NJ 07470.

Materials and Methods

Specimens of Fundulus heteroclitus were collected
with minnow traps from Piles Creek in Linden, NJ.
Specimens 5 to 8 em in standard length, 4 to 8 g in body
weight were selected in the laboratory for 2 weeks of
acclimation and depuration in an Instant Ocean aquar-
ium. For each experimental run, five fish (both sexes)
were placed in each all-glass container with 5 1. of 20%o
salinity artificial seawater, to which was added 1.0 mg/
L Cu®* (as Cu80,), 0.10 mg/L Hg** (as HgCl,), a com-
bination of both (0.1 mg Hg®* plus 0.1 or 1.0 mg Cu®*)
or nothing (control). The artificial seawater contained
0.07 mg/L, Cu and no detectable Hg. The water was
changed and redosed twice weekly. The fish were fed a
commercial fish food (Tetramin) twice daily; this con-
tained 22 pg/g Cu and no detectable Hg. After 2 weeks,
the fish were sacrificed. A 1-mm® piece of each liver was
taken from the middle part, well away from the hilus,
and fixed for electron microscopy. The remainder of the
liver was divided in half, each part weighed, then pre-
pared for analysis by atomic absorption spectrophoto-
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Table 1. Concentrations of Hg and Cu in liver.

Concentrations of Hg and Cu after various treatments (metal jon in artificial seawater), ug/g®

Control Cu (1.0 mg/L) Hg(0.1 mg/L) Hg(0.1 mg/L) + Cu(C.1 mg/L) Hg(0.1 mg/L + Cu(1.0 mg/L)
Hg 0.38 = 0.12 0.42 + 0.63 6.86 = 2,77 7.36 £ 2.61 7.40 + 1.36
Cu 114 = 47 168 = 80 152 + 65 92 + 46 194 + 128

*Values are X + SD; pg/g wet weight.

metry, one portion for copper and the other for mercury.
Copper was measured by flame absorption techniques
with a Perkin-Elmer 403 instrument and mereury by the
flameless cold-vapor method of Hatch and Ott (3) in a
Coleman MAS-50 mercury analyzer.

For microscopic analysis, epoxy-embedded tissue
metry, one portion for copper and the other for mercury.
Copper was measured by flame absorption technigques
with a Perkin-Elmer 403 instrument and mercury by the
flameless eold-vaper method of Hatch and Ott (3) in a
Coleman MAS-50 mercury analyzer.

For microscopic analysis, epoxy-embedded tissue
blocks were sectioned at 0.5 pm, stained with toluidine
blue, photographed under oil immersion (1.32 N.A.) and
printed at 2000X. Morphometric analysis, done in blind
fashion, was performed by the method of Weibel et al.
(4). Data thus collected were subjected to analysis of
variance (ANOVA). The identity of organelles was con-
firmed by electron microscopy. Some blocks of tissue
which had been embedded without 0s0, fixation, were
analyzed by energy-dispersive X-ray analysis (EDXA).
Sections of these blocks were mounted on titanium grids,
carbon-coated and examined (CTEM mode) without any
electron stain in a JEOL 100B electron microscope fitted
with a Kevex X-ray microanalyzer.

Results

The concentrations of Hg and Cu in the fishes’ livers
are presented in Table 1. There were no significant dif-
ferences in Cu concentration by {-test between runs, be-
tween sexes, between treatment regimens, between con-
trols and any treatment regimens, or, by regression
analysis in relation to sizes; however, the high variance
observed may preclude detection of differences. The only
significant differences in the data in Table 1 are the ob-
vious ones of Hg levels in livers of the control and Cu®*-
treated fish versus the Hg®*-treated fish.

Microscopic analysis indicated that control hepatocytes

were characterized by considerable glycogen, some lipid
and a few primary lysosomes (Fig. 1). Cu-treated fish,
in contrast, had hepatocytes with reduced lipid (¥ =
10.38, p < 0.01 by one-way ANOVA) and glycogen, re-
sulting in a proportionately increased nuclear compart-
ment (F = 18.55, p < 0.001) and increased lysosomes (F'
= 14.21, p < 0.001), These were typically secondary and
tertiary lysosomes that were sometimes larger than the
nucleus (Fig. 2). Hg-treated fish had hepatocytes whose
principal change from the control conditions was a sig-
nificant (F = 10.73, p < 0.01) increage in lipid vacuoles
(Fig. 3). No other changes or pathology were consistently
found. Treatment with both Hg®* and Cu®* (either con-
centration} resulted in morphometric data with means
which were nearly identical. However, the data from Hg
+ Cu (1.0 mg/L) treatment had high variance and were
based on only three fish. Therefore, the data from this
treatment were not considered any further. The results
of the Hg + Cu (0.1 mg/L) treatment were found to be
statistically similar to treatment with Hg®* alone. Two-
way ANOVA of the morphometric data presented in Table
2 indicated high significance (for main, F = 438.2, p <
0.00001; for interactions, ¥ = 14.5, p < 0.00001).

The relation between metal uptake data and morpho-
metric data from individual specimens was tested by
Spearman’s rank correlation test (5). There was a sig-
nificant correlation between Hg uptake and lipid eontent
(r, = 0.621, p < 0.01). There was no significant rela-
tionship between Cu uptake and lysosome content; this
may reflect a lack of correlation and/or the high variance
encountered in Cu concentrations.

EDXA of Cu-exposed tissue demonstrated the local-
ization of Cu within some of the dense bodies that were
presumably the large lysosomes (Fig. 4), No Cu signal
could be generated from either adjacent eytoplasm, pre-
sumptive nuclei, or from any area of control hepatocytes.

No attempt was made to loeate Hg by EDXA, because
previous experience had suggested that the small amount
of Hg in the tissue is volatilized by the electron beam
before a significant signal can be generated and detected.

Table 2. Distribution of subcellular compartments.®

Compartment Control (n = 5) Cu {(n =5) Heg (n=4) Hg + Cu (n = 5)
Nucleus 8.2+ 1,56 14,6 + 1.04 6.0 = 1.56 4.2 +0.55
Cytoplasm
Neonlipid 72.6 = 3.09 70,6 + 2.41 60.8 = 3,45 63.8 = 3.40
Lipid 17.0 = 2,09 6.8+ 1.39 28.0 + 3.37 28.6 = 3.29
Lysosomes 2.2 +1.08 8.0+1.84 5.3 = (.87 3.4 0,76
Total 100 100 100 100

® Morphometric analysis by method of Weibel (3}; 100 points measured per animal; means = SEM.
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Ficure 1.
vesicles (LV).

Discussion

Mummichogs were collected from a moderately pol-
luted estuary, acclimated in the laboratory, and then ex-
posed to ng;+ and/or Cu®* in static-renewal systems.
The Hg levels thus obtained were comparable to levels

Liver of a control fish, showing glyeogen (G), rough endoplasmic reticulum (RER), primary lysosomes (LY) and, in the inset, lipid

found in livers of this species from the mercury-polluted
Berry's Creek, NJ (Weis et al., in preparation), High
Cu levels were encountered in all treatment groups; this
reflects this species’ ability to concentrate metals from
its environment. The background level of Cu in both the
water and the food probably contributed to the high tis-
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Ficure 2. Liver of a copper-exposed fish, showing large secondary and tertiary lysosomes (LY).

sue levels. Chernoff and Dooley (6) pointed out that Fun-
dulus heteroclitus has higher concentration factors for
copper from lower environmental levels, resulting in a
degree of equalization of tissue levels. In our laboratory
system, great variance was found between similarly
treated individuals in both control and experimental
treatment groups. This may reflect differences in feeding

activity, thus resulting in different degrees of uptake
from the food (at 22 ppm). Hg levels in Hg-treated fish
were more consistent and significantly different from the
controls, This reflects the lack of detectable Hg in both
the food and the control water; only the Hg®*-treated
water was a source of Hg. No relationships were found
between uptake of either metal and size or sex; this is
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FiGure 3. Liver of a mercury-exposed fish, showing large lipid vesicles (LV), surrounded by glycogen (G). The prominent nucleus (N) is in a
ductule cell, not a hepatocyte.

in eentrast to findings for Cu in this species reported by Livers of Cu®*-exposed fish consistently developed
Chernoff and Dooley (6), but is in agreement with Eisler  very large secondary and tertiary lysosomes. It is known
and LaRoche (7} for Cu versus sex. that lysosomes accumulate metals (8), and the appear-
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10, 24KED)

FIGURE 4. Liver of a copper-exposed fish. (A) Prepared without
0s0Q, postfixation, unstained, and mounted on a titanium grid. The
two rectangles (45, 4¢) are the areas analyzed hy energy-dispersive
X-ray analysis. 4b is in a dense organelle presumed to be a sec-
ondary or tertiary lysosome, such as in Fig. 2; 4¢ is adjacent cy-
toplasm. (B,C) X-Ray spectra of areas 4b and 4e. The copper Ka
lines are indicated by the arrows at 8.05—8.05 ke V. The most obvious
peak is that derived from the titanium grid (TI).

ance of large lysosomes in carp liver was deseribed by
Rojik et al. (9) following acute exposure to copper sulfate
{10 mg/L for 2 hr}. Earlier, it was reported that most of
Fundulug’ hepatic Cu was in the sedimented fraction
(40,000¢) of liver homogenates (2). This would include
lysosomes. We have now been able to confirm the pres-
ence of Cu in these lysosomes by EDXA, even though
special techniques to preserve metals have not been fol-
lowed. George (10,11) has demonstrated that, in the kid-
ney of Mytilus edulis, Cd** is bound to metallothionein
(MT) but is eventually concentrated in tertiary lyso-
somes. He has proposed a model in which Cd-MT is taken
up into primary lysosomes, degraded in secondary ly-
sosomes, and bound to nonspecific ligands in tertiary
lysosomes. Our findings (2) that Cu-exposed Fundulus
heteroclitus liver has increased lysosomes, Cu in lyso-
somes, and association of cytosolic Cu with presumptive
MT suggests that a similar mechanism for sequestering
Cu may be functioning in this vertebrate species.

Hg treatment did not significantly increase hepatic ly-
sosomes as did Cu. Hg-induced lysosome increase has
been reported in rats (12) and in ducks (23), but in this
study, the significant change with Hg treatment (and
with Hg + Cu) was the increase in lipid. Increase in
lipid may be a response for sequestering lipid-soluble
chemicals; in this case, methylmercury may be the elic-
iting agent., Fish are known to methylate mercury, prob-

ably by means of intestinal microorganisms (14), as well
as in the liver (75). As a result, 70 to 90% of Hg in fish
is methylated (16). We have confirmed this in Fundulus
heteroclitus (2). Thus, the increase in hepatic lipid could
be a mechanism to sequester this lipid-soluble form of
the metal. Hepatic lipid was found to be increased in
humans with Minamata disease (17) and was experimen-
tally induced by treatment with methylmercury in rats
(28) and in dueks (13). But, as discussed by Bhatnagar
et al. (19), lipid accumulation is a typical reaction to ey-
totoxicity, probably related to inhibition of protein syn-
thesis (19,20). This could be the mechanijsm operating in
our Hg”*-treated fish, and would also explain why the
Hg/Cu treatments resulted in only an increase in cellular
lipid. The liver may have suffered sufficient toxic reaction
to be unable to respond to the Cu. If this is true, se-
questering of Hg by lipid may be simply coincidental to
a toxic reaction. On the other hand, we did not find path-
ological changes such a focal cytoplasmic degeneration
and swollen organelles as described in these other re-
ports.

As aresult of the observations deseribed in this report,
two separate mechanisms have been suggested for the
sequestering of two different heavy metals in a teleost
fish. How the fish then depurates the sequestered metals
remains to be determined.
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persive X-ray analysis, and to Ms. Marge Pascavage for typing the
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